Gnotobiotic pigs and conventional hamsters were given suspensions of intestinal mucosa from a pig with proliferative hemorrhagic enteropathy and killed 10 or 21 days later. Affected animals had evidence of marked proliferation of immature enterocytes in the intestinal crypts. Numerous Cumpylobucter-like organisms were in the cytoplasm of enterocytes, and in some instances, bacteria were closely associated with enterocytes. Some intracellular bacteria lying below the microvillous border were within membrane-bound structures. Immunofluorescence and electron immunogold staining with specific antibodies indicated that these organisms were antigenically different from curved bacteria in the crypt lumen of early lesions. This study indicates that the life cycle of the intracellular organisms may involve entry into crypt enterocytes from the intestinal lumen with subsequent intracellular multiplication.
Proliferative enteritis or enteropathy of pigs and hamsters is characterized by adenomatous hyperplasia of immature enterocytes of crypts in the ileum and colon associated with intracytoplasmic, non-membrane-bound Campylobacter-like organisms within affected e n t e r~c y t e s .~J~ The disease has been transmitted by homogenates or filtrates of affected mucosa, but infectivity is lost if the filter pore size is 0.45 hm or less.5 Hamsters have developed a similar disease after being dosed with homogenates of affected porcine mucosa; this suggests that a closely related organism is involved in both species.'O The disease has not been transmitted by pure cultures of Campylobacter sp. isolated from lesions in pigs or hamsters, such as C. mucosalis, C. hyointestinalis, and C. j e j~n i .~, '~ The natural disease in pigs may involve significant complications including hemorrhagic enteropathy and necrotic enteritis.14 Morphological studies of early lesions have been limited to hamster experiment~.~.~.~ These indicated that enterocyte hyperplasia is directly preceded by the presence of intracellular Campylobacter-like organisms. However, little attention has been paid to the morphology of the extracellular phase of the bacteria, the steps that surround cell entry, or the immunological identification of these bacteria. This latter point is clearly of importance as almost all the inocula used to induce the disease experimentally have contained a variety of Campylobacter species. The identity of the intraluminal bacteria and their exact relationship to the intracellular organisms are not known; most studies have involved examination of developed lesions which, in contrast to the early lesions, do not show a crypt lumen population. These organisms are likely to be the cause of the disease, and information on their identity is crucial to an understanding of the pathogenesis of the disease.
Materials and Methods
Four groups of gnotobiotic piglets were held in plastic isolators until 7 to 12 days old. They were then dosed orally with filtrates of homogenized mucosa from naturally occurring lesions of proliferative enteritis in pigs." Each mucosa was washed twice in cell culture medium, trypsinized to disperse the cells, then homogenized in a blender to disrupt the cells, releasing intracellular bacteria. After filtration through Millipore filters, intracellular bacteria from one of the three respective porcine mucosa collected were given to piglets. Three of four piglets given a 0.8-pm or 0.65-pm filtrate of a proliferative hemorrhagic enteropathy mucosa developed significant lesions of proliferative enteritis evident at necropsy 10 and 2 1 days after inoculation. Piglets given filtrates of each of two other mucosae did not develop lesions of proliferative enteritis.
Four groups of conventional hamsters were weaned at 2 1 days of age, then dosed orally with one of four respective homogenized mucosa from naturally occurring lesions in pigs. In two groups, hamsters developed significant lesions of proliferative enteritis evident at necropsy 10 and 2 1 days after inoculation. Control hamsters not dosed with any mucosa did not develop any lesions. Bacteriologic culture of the pigs and hamsters or of the inocula did not identify any particular Campylobacter sp. as being specifically associated with the development of lesions.'O."
Sections of ileum and colon were fixed in 2.5% glutaraldehyde and processed for transmission electron microscopy. Ultrathin sections of affected tissues were also processed for immunogold staining as described by Smart and Millard.lS Briefly, sections were etched by immersion in 0.5% periodic acid (1 0 min, 20 C), then mouse monoclonal antibodies9 were applied to the sections. After washing, Protein A bound to 5or 15-nm colloidal gold particles (Janssen) was applied. After washing, sections were counterstained with uranyl acetate/lead citrate. Control sections were processed without the monoclonal antibody step. These monoclonal antibodies had been prepared by immunization of mice with formalin-killed suspension of intracellular Campylobacter-like organisms in filtrates of a proliferative hemorrhagic enteropathy mucosa. Splenic lymphocytes of these mice were fused with mouse myeloma cells and specific antibodies prepared. The two antibodies used (IG4, 4F5, both IgG) had specific binding activity to intracellular Campylobacter-like organisms from lesions of proliferative enteritis as assessed by immunofluorescence and ELISA techniques. No reactivity was seen with C. mucosalis, C. hyointestinalis, or C. jejunilcoli in these tests.
Further sections of the tissues were fixed in buffered formalin and processed for light microscopy and indirect immunofluorescence as described previously.' The latter process incorporated the monoclonal antibodies used for immunogold stainings. Intracellular Campylobacter-like organisms were released from the developed lesions of a pig naturally infected with proliferative hemorrhagic enteropathy by the method of homogenization of the mucosa and selective filtration described previ~usly.~ The released bacteria were mixed with the monoclonal antibody reagent for 1 hour at 37 C. After washing they were mixed with the immunogold reagent for 1 hour at 37 C, then washed again. Organisms were counterstained with uranyl acetate and viewed by transmission electron microscopy.
Results
At both 10 and 21 days after inoculation affected pigs and hamsters had histological lesions of marked proliferation of immature enterocytes in the crypts of the ileum and/or proximal colon. Affected crypts had increased numbers of cuboidal enterocytes, with lightly basophilic cytoplasm and a high mitotic rate. There were reduced numbers of goblet cells and a moderate infiltrate of lymphocytes and macrophages in the mucosa. In all affected crypts numerous Cumpylobacterlike organisms (0.3-0.4 pm x 1.0-3.0 pm) were evident within the cytoplasm of affected enterocytes (Fig.  1 ). In pigs 10 days after inoculation, and in all affected hamsters, numerous curved bacilli were evident in the lumen of affected crypts. These bacilli were of similar morphology to the intracellular bacteria (Fig. 1) . In some instances they were in close association and not separated from the microvillous border, suggesting that they were entering enterocytes (Fig. 2) . Also, 50% of the luminal and 10% of the intracellular bacteria had pale, circular vacuoles within their bodies (Fig. 3) . In some instances intracellular bacteria lying just below the microvillous border were apparently contained within loose membrane-bound structures. This was seen particularly in affected hamsters, where these bacteria often appeared in clumps ( Fig. 4) . Similar lesions were only seen occasionally in affected pigs. Active division was evident in bacteria at all intracellular sites (Figs. 1, 4). Enterocytes parasitized by bacteria had poorly developed microvilli and endoplasmic reticulum, and few lysosomes or mitochondria.
In those crypts where there were bacteria adjacent to the luminal surface of enterocytes parasitized by intracellular bacteria, immunofluorescence and immunogold staining did not indicate any antigenic crossreaction between intracellular bacteria and the luminal bacteria. Immunogold particles were seen on the outer membranes of intracellular Campylobacter-like organisms, particularly those within the cytoplasm, intermediately placed between the microvillous surface and the nucleus of affected enterocytes (Fig. 5 ). This figure also illustrates that the intracellular organisms had a tri-laminar outer membrane, often with an outer wavy coat. Similar bacteria immediately below the microvillous border or in the lumen showed few or no particles. Few or no particles were seen in cellular structures or in control sections. No significant difference was seen between sections stained with 5-or 15-nm particles.
Bacteria released from the tissues had curved or S-shaped morphology, sometimes with tapered ends. Those reacted with antibodies and immunogold showed numerous particles densely located all over the bacterial surface (Fig. 6) . No flagella were seen on any intracellular bacteria.
Discussion
The presence of intracytoplasmic Campylobacterlike organisms directly correlated with enterocyte hyperplasia has been n~t e d .~,~, '~ Our study suggests that these intracellular bacteria enter enterocytes from the crypt lumen, and that they may be taken into endocytic vacuoles and released free in the cytoplasm. This method of entry was apparent in the hamster section, where clumps of intracellular bacteria appeared to be in phagocytic structures. However, such structures were rarely seen in affected pigs, and other methods of bacterial entry, possibly involving fusion of the bacterial and enterocyte surface membranes, may occur. Bacterial division appears to be frequent within the cell. However, the mechanism whereby intracellular bac- terial growth is associated with enterocyte proliferation is not clear. Spiral or curved bacilli have been described as common in the lumen of intestinal crypts in pigs and rodents.8 Also, several Campylobacter spp., including c . hyointestinalis and C. coli, are capable of forming significant colonies in the crypt lumina of pigs, and various other Campylobacter sp. have been identified in hamster bowels3 None of these bacteria have been specifically associated with proliferative enteritis, and the results of this study suggest that there is a further specific bacterium associated with the disease. Several Rickettsia spp. follow a life cycle of intracellular growth in epithelial cells, lying free in the cytoplasm, with entry mechanisms similar to those described here for Campylobacter-like organisms.' However, intracellular bacteria show a diverse range of life cycles, with similar life cycles not necessarily being indicative of any evolutionary relationship.I2
The identity of intracellular bacteria associated with proliferative enteritis is not evident. In lesions of proliferative enteritis, they closely resemble Campylobacter spp. morphologically. The significance of the vacuoles within some bacteria was not clear. Previous immunological studies have indicated that the organisms in the lesions in pigs and in hamsters are antigenically similar and that they have antigenic differences to known Campylobacter spp.'s9 It is possible that the organism is an as yet uncultured Campylobacter sp. which requires special growth conditions. Our use of gnotobiotic pigs as a proliferative enteritis model meant that host factors were strictly controlled, allowing a better assessment of inoculum pathogenicity. Filtrates of certain mucosae were able to reproduce the disease, allowing observations to be made on the early lesions. However, morphologic and bacteriologic findings did not identify any particular culturable Campylobacter sp. as being associated with the onset of lesions.
Ultrastructurally, the early lesions of proliferative enteritis in the pig appear similar to those previously described for hamsters, particularly the clear association of the intracytoplasmic Campylobacter-like or-ganisms with proliferation of immature enterocytes. 6 The monoclonal antibodies used for the immunogold staining have previously been shown to be specific for the intracellular Campylobacter-like organism^.^ This study confirms that these organisms have membrane components not present or exposed on organisms in associated lumina. Three explanations are possible for this phenomenon. First, the intracellular bacteria and the luminal bacteria may be unrelated to the known Campylobacter spp. Second, the intracellular bacteria may be one of the known Campylobacter spp. associated previously with the disease such as C. mucosalis, C. hyointestinalis, or C. jejuni, which undergo a marked alteration in membrane components when they enter the cells from the lumen. Third, the intracellular bacteria may be unique and undergo membrane changes on entry into cells.
Luminal bacteria are morphologically similar to intracellular bacteria in the early lesions of proliferative enteritis. It is likely that the intracellular bacteria have a significant extracellular phase prior to entry into the cells. However, these extracellular bacteria do not stain with immunological reagents which react with the intracellular bacteria. Also, the extracellular bacteria in the hamster lesions are probably not one of the known Campylobacter spp. because the cultivable species associated with the porcine lesions do not multiply in the ham~ter.~,'O There was a similar pattern of immunelabeling in porcine and hamster specimens. Therefore, our results suggest that our third explanation best explains current observations.
